Abstract Purpose: The aim of this study is to identify gene expression signatures that accompany dedifferentiation at the cancer invasion front in colorectal cancer. Experimental Design: Two types of colorectal cancer were selected. Both types were welldifferentiated adenocarcinomas at the superficial lesion. One type showed a dedifferentiated phenotype at the invasion front (typeA, 13 samples); the other showed almost no dedifferentiated cancer cells at the invasion front (type B, 12 samples). Laser microdissection was combined with a cDNA microarray analysis to investigate the superficial lesions and the invasion front in colorectal cancers. Results: Eighty-three genes were differentially expressed between types A and B in the superficial lesions, and the samples of superficial lesions were divided correctly into two clusters by these genes. Interestingly, the samples of the invasion front were also divided into the two same clusters by these genes. The text mining method selected 10 genes involved in potential mechanisms causing dedifferentiation of cancer cells at the invasion front. The potential mechanisms include the networks of transforming growth factor-h,Wnt, and Hedgehog signals. The expression levels of 10 genes were calculated by quantitative reverse transcription-PCR and 8 genes were confirmed to be significantly differentially expressed between two types (P < 0.05). The gene expression profiles of 8 genes divided 12 test cases into two clusters with one misclassification. Conclusions: The molecular mechanisms constructed with 8 genes from three networks of transforming growth factor-h, Wnt, and Hedgehog signals were found to correlate with dedifferentiation at the invasion front of colorectal cancer.
The hallmarks of malignant transformation are the capabilities of invasion and metastasis. The dedifferentiation and dissociation of cancer cells has been reported to be the first event of invasion and metastasis in experimental studies (1) . Welldifferentiated carcinomas often lose epithelial differentiation and dissociate, migrate, and disseminate into the host stroma. The metastatic activity or prognostic outcome in colorectal cancer has been reported to be associated with morphologic features at the invasive front of the primary tumor. These morphologic features are called tumor ''budding'' (2, 3) or tumor ''focal dedifferentiation'' (4, 5) .
The molecular background of this phenomenon has been shown to be associated with cell-to-cell or epithelial-stromal interactions. Brablets et al. showed that tumor progression is driven by the tumor environment through the Wnt signal pathway, and they fixed this type of dedifferentiation as ''environmental'' change but not ''genetic'' based on stepwise acquisition of genetic alterations (6) . Several reports showed that the ''environmental'' factors and cell-to-cell or cell-toextracellular matrix interactions regulated the dedifferentiation at the cancer invasion front (7, 8) .
Ramaswamy et al. showed a gene expression signature that was differentially expressed in metastatic tumors of diverse origins relative to primary cancer (9) . They found that the metastatic signature was also expressed in a subset of the primary tumors analyzed, thus leading to the hypothesis that the signature might represent a metastatic program that is encoded in primary tumors designated for metastasis.
In colorectal cancers, Koehler et al. showed with gene expression profiling that metastatic and primary tumors from the same patients always clustered in the same tumor subgroups (10) . These findings are consistent with a recent model proposed by Bernards and Weinberg, who hypothesized that the metastatic behavior of these cancer cells seems to arise relatively early in tumorigenesis (11) . This hypothesis suggests that the molecular signature that genetically controls the phenotype of the dedifferentiated cells at the invasion front may already be acquired at a relatively early stage of tumorigenesis and seen at the tumor superficial lesion before the differentiation of cancer cells are lost. This study attempted to identify the molecular mechanisms that cause dedifferentiation at the cancer invasion front based on the gene expression and interactive networks identified by transcriptome analysis of both tumor superficial lesions and tumor invasion front from the same colorectal cancer patients.
Materials and Methods
Samples. Fresh frozen colorectal cancer tissue specimens who had undergone surgery at the Wakayama Medical University were collected from 2004 to 2005 after the patients gave their informed consent. For some cases, specimens at the largest section containing the tumor ''superficial lesion'' and ''invasion front'' were excised to differentially microdissect the ''superficial lesion'' and ''invasion front.'' Others were excised only at the site of tumor ''superficial lesion'' without ''invasion front'' (Fig. 1A) . All samples were embedded in Tissue Tek OCT medium (Sakura) and snap-frozen by liquid nitrogen within 30 min of removal in liquid nitrogen for molecular analyses.
Using H&E examination, two types of 25 cancer samples were selected. The selected cases were well-differentiated adenocarcinomas at the tumor superficial lesion and divided into two sample groups according to the tumor morphology at the cancer invasion front. At the cancer invasion front, one group showed dedifferentiated phenotypes where the cancer cells were dissociated from the polarized glandular structure with infiltration in a single or solitary trabecular nest >80% of the ''invasion front'' lesion. This sample group was designated ''type A.'' Another group did not show such morphologic change and the cancer cells at the invasion front only expanded into host stroma. This sample group was designated ''type B.'' Thirteen ''type A'' samples and 12 ''type B'' samples were collected. Seven of 13 ''type A'' samples and 6 of 12 ''type B'' samples contained both tumor ''superficial lesion'' and ''invasion front.'' These cases were designed as ''learning cases.'' Six samples of type A and 6 of type B contained only the ''superficial lesion'' without an ''invasion front,'' and these cases were designed as ''test cases'' (for validation study; Fig. 1A ; Table 1 ).
Laser microdissection. For laser microdissection, frozen colon cancer tissues were cut into 20 to 50 sections (10 Am thick) and mounted on filmed glass slides. To differentially microdissect ''superficial lesion'' and ''invasion front'' of 13 sample specimens of learning cases, the tumors were sliced by using a Cryostat (Sakura) and mounted on foil-coated glass slide, 90 FOIL-SL25 (Leica Microsystems). Before the laser microdissection, sections were fixed in 70% ethanol for 1 min at room temperature and stained with hematoxylin for 1 min and eosin for 1 min. After the sections were air dried, cancer cells from the invasive front of cancer and superficial lesions were then selectively microdissected using the Leica LMD System (Leica Microsystems) following the original definition. We detected the lesion for microdissection as a cancer superficial lesion and an invasion front. A ''superficial lesion'' was defined as a lesion within 1,000 Am from tumor surface without a deep surface and microdissected only cancer tissue within the superficial lesion for every sample (Fig. 1B) . The ''invasion front'' was defined as tumor peripheral lesion bound to normal stroma, except within a mucosal lesion. For type A tumors, we microdissected only dedifferentiated cancer nests at the invasion front. For type B tumors, we microdissected only the peripheral lesion bound to the stroma that were microdissected (Fig. 1B) .
In this study, microdissected samples of superficial lesions of type A tumors were named ''zone AS,'' superficial lesions of type B tumors ''zone BS,'' invasion front of type A tumors ''zone AI,'' and invasion front of type B tumors ''zone BI.'' For 12 test cases, the cancer tissue specimens were microdissected only from tumor superficial lesion.
For 10 patients, normal epithelial cells were also dissected from the normal mucosal tissue obtained 5 to 10 cm from the cancer to obtain a normal tissue reference mix.
RNA extraction and probe synthesis and labeling. Total RNA was extracted from microdissected tissue specimens with the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Samples were treated with RNase-free DNase (Qiagen) on the RNeasy columns. The RNA quality of these samples was then assessed with a 2100 Bioanalyzer (Agilent Technologies) and showed optimal quality for oligonucleotide microarray analysis based on the integrity of the observed 18S and 28S ribosomal RNA bands. We used a two-round amplification protocol as described previously (12, 13) . In brief, an Agilent recommended protocol was modified for two rounds of amplification using the Agilent Low RNA Input Linear Amplification Kit (Agilent Technologies). First, 4 ng total RNA was used for reverse transcription reaction with T7 promoter primer. The first linear amplification was done with T7 RNA polymerase with NTP mix and unlabeled CTP. For the second round of amplification, the product of the first reaction was divided in half, and the second amplification and labeling were done according to the manufacturer's standard protocol. Consequently, 4 ng total RNA was amplified approximately to 40 Ag cRNA.
Hybridization. For each oligonucleotide microarray measurement of expression ratios, the Cy3-and Cy5-dUTP-labeled cRNAs of cancer and normal tissue reference, respectively, were hybridized with an Agilent Human Custom Oligonucleotide Microarray in hybridization buffer (Agilent Technologies) for 17 h at 60jC. After hybridization, the slides were washed in 6Â SSC/0.005% Triton X-102 for 10 min at room temperature and 0.1Â SSC/0.005% Triton X-102 for 5 min on ice. The arrays were scanned using Agilent Microarray Scanner. Two
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hybridizations were done using a reversal fluorescent dye in dye-swap experiments to confirm the reproducibility of the experiments.
Analysis of microarray data. The Cy3 and Cy5 fluorescent intensities for each spot were determined with an Agilent DNA Microarray Scanner (Agilent Technologies). After locally weighed regression normalization was done (14) , the expression ratios were obtained using the Feature Extraction Software (Agilent Technologies) that comes with the scanner. The data flagged as being of poor quality according to the software Fig. 1 . A, schematic representations of tumor sample specimens and sample groups (types A and B).Thirteen of the tumor specimens (7 of typeA and 6 of type B) that contained superficial lesions and an invasion front were defined as''learning cases.'' Twelve of the tumor specimens (6 of typeA and 6 of type B) contained only superficial lesions were defined as''test cases.'' Red squares, lesions of specimens excised from tumor samples; blue circles, lesions that underwent laser microdissection. B, schematic representations of two sample groups and microscopic images of tumor superficial lesion and invasion front (H&E staining).The superficial lesion showed well-differentiated phenotype (zones AS and BS; Â40).TypeA tumor showed dedifferentiated phenotype at the cancer invasion front (zone AI; Â200).Type B tumor showed no change of the phenotype at the cancer invasion front (zone BI; Â100). Blue circles, lesions for laser microdissection; enclosed areas with red lines, lesions for laser microdissection. findings were removed from the analysis. The expression level of each gene in samples relative to that in the reference pool product from a pool that consisted of an equal amount of cRNA from 10 patients was shown as E = log 2 (Cy5 / Cy3). To choose surely differentially expressed genes, we selected ones that showed difference of at least z0.2 in the log-ratio scale between the two groups. The genes differentially expressed in different sample groups were identified by supervised learning test using Mann-Whitney U test (P < 0.05).
Hierarchical clustering and visualization was done by GeneSpring software version 6.0 (Silicongenetics).
Quantitative real-time reverse transcription-PCR. The expression levels of 10 genes that were functionally selected and significantly correlated with dedifferentiation at the invasion front in each of the cancer samples were calculated using quantitative real-time reverse transcription-PCR (RT-PCR). RNA aliquots (20 ng) from each microdissected sample used for microarray analysis were reverse transcribed using the SuperScript according to the manufacturer's instructions. The primers were ACTGTTCTTGTAGATGGCTGCTCT (forward) and GGCGTATGGC-TTATTTGTTT (reverse) for COL1A2, TGTGCCCATTTTATGGTTTCCA (forward) and TGTTCCAAGGGCT-TGCATAGAG (reverse) for DACH1, GGAGGAAGCTGTTACCATAGAGATG (forward) and CCGTTGAA-GAGAGTGGAGTGG (reverse) for PCNA, GGAGGGGCAGAATCACTCTCT (forward) and CACCAGCGACA-TCAGCACTT (reverse) for CITED1, AAATGGCTCGTCACCTTCGT (forward) and ATCCTGCTCTCCTC-GCCTTC (reverse) for VIM, AGCTGTTTCATCAGCAGCCTAA (forward) and CACAATGGAGCT-AGAAGCAGGA (reverse) for CDKN2B, ACTATCCCTGAGACCATCCCTCT (forward) and ACATCCTCCAC-AACAACCAAC (reverse) for NKD1, CAGCTGGACTTTGTGGCTATTC (forward) and CAGAGGGAGGT-GGGGTATGT (reverse) for GLI1, CGTCCCAGCACATCAAACTC (forward) and AACACCACCACAG-AGCCACA (reverse) for GLI2, and AAGCAGCACCAGAAACAGTGAG (forward) and GGTGGATGTC-CTGGGAAGTAAG (reverse) for SFRP4.
Quantitative real-time RT-PCR was done using the SYBR Green PCR Master Mix and an ABI Prism 7900 Sequence Detection System (Applied Biosystems). Gene expression levels were determined using a standard calibration curve prepared from gene-specific RT-PCR products. All PCRs were done in triplicate. Analysis of real-time RT-PCR data. The gene expression levels between the samples were normalized based on the expression levels of the h-actin as the housekeeping standard control. The fold difference was determined as the log ratio of the normalized value of each tumor sample to normal colon reference mix. The correlation rate of the expression level of the array data and real-time RT-PCR data was calculated with Pearson's coefficient. The differences between the groups were estimated using the Mann-Whitney U test.
Results
Extraction of differentially expressed genes between each sample group. A gene expression analysis was done on 13 learning cases of colorectal carcinomas to identify differentially expressed genes between each microdissected samples. Eightythree differentially expressed genes were identified between zones AS and BS, 189 genes between zones AS and AI, and 352 genes between zones AI and BI (Supplementary Figures) .
Hierarchical clustering using 83 differentially expressed genes. The results of a hierarchical cluster analysis of 83 genes for zones AS and BS show two major sample clusters ''type A cluster'' and ''type B cluster,'' and 13 samples were correctly divided into two clusters ( Fig. 2A) . This gene set grouped the 13 samples of cancer invasion front (zones AI and BI) into two major clusters, corresponding to the samples at the tumor superficial lesion (Fig. 2B ). This result indicates that the characteristics of cancer cells at the tumor superficial lesion were maintained even if cancer cells deeply invaded and the morphologic phenotype has changed. Moreover, a hierarchical cluster analysis of 12 test cases that were not used for gene extraction was done. Ten of 12 samples were correctly clustered (Fig. 2C) .
Construction of molecular networks causing dedifferentiation at the cancer invasion front. From the 83 genes, the genes functionally associated with cancer dedifferentiation were selected by text mining. Based on the functional information of the 83 genes and from the findings of scientific reports of Entrez PubMed, Entrez Genes, Online Mendelian Inheritance in Man, and Kyoto Encyclopedia of Genes and Genomes, the 10 genes involved in the potential mechanisms, including the networks of transforming growth factor-h (TGF-h), Wnt, and Hedgehog signals, were selected (Fig. 3) . The 10 genes consisted of 5 TGFh, 3 Wnt, and 2 Hedgehog signal-related genes ( Table 2) .
Quantitative analysis of candidate genes involved in the functional networks by using real-time RT-PCR. Three networks were constructed involving 10 genes that cause dedifferentiation at the invasion front of colorectal cancer. Quantitative real-time RT-PCR was used to confirm the expression level of these 10 genes. The expression levels of RT-PCR data were highly correlated with the microarray data. The Pearson's correlation rates were 0.72 to 0.95 ( Table 2) . Eight of 10 genes showed significant difference in expression level between types A and B in learning cases (P < 0.05; Table 2 ). Next, in the test cases, real-time RT-PCR of these 8 genes involved in the three networks was done; then, a cluster analysis of the test cases was done using the real-time RT-PCR data. The results divided the two clusters (type A cluster and type B cluster) with only one misclassification (Fig. 4) .
Discussion
Gene expression profiling was applied to matched colorectal superficial lesions and invasion fronts obtained by laser microdissection. Several studies reported the results of global expression analysis of differentially located tissues within the same tumor, for example, breast cancer and melanoma, (15, 16) . However, the purpose of this study is to identify the molecular signature that genetically controls the phenotype of the dedifferentiated cells at the invasion front, and it is possible that this property may already be acquired at a relatively early stage of tumorigenesis and seen at the tumor superficial lesion before the differentiation of cancer cells are lost.
Microdissection processes, especially for zone AI, were very difficult and time-consuming skill because dedifferentiated cancer cell nests are very small and scattered in the stroma. This great effort produced only 100 to 200 ng total RNA from each sample. As a result, we adopted a two-round amplification method that made the experiment possible with a small amount of total RNA. This protocol amplified 4 ng total RNA approximately to 40 Ag cRNA. The reproducibility of the experiment was confirmed by the strong correlation between the microarray data of dye-swap examinations. In addition, we showed that the expression level determined by the microarray correlated strongly with expression level determined by real-time RT-PCR ( Table 2 ), indicating that these microarray analyses were reliable.
Microarray analysis is a powerful tool, but sometimes it can yield uncertain data. In this study, we first selected about 80 genes based on the microarray data by using the Mann-Whitney U test. In the next process, class-prediction algorithms, such as Support Vector Machine (17) or AdaBoost (18), might be used to select more distinctive genes. However, in this study, we employed a text-mining approach based on the information regarding the molecular functions to exclude any uncertain data and select the true candidates involved in functional mechanisms that cause dedifferentiation at the cancer invasion front.
We constructed these three networks based on information from known signal pathways and the interactions between the genes. Moreover, there are several reports describing that genes we selected are related to cancer progression. We speculate that five TGF-h-related genes were involved in dedifferentiation at the colorectal cancer invasion front (Fig. 3A) . DACH1 bound to endogenous NCoR and Smad4 in cultured cells; Smad4 was required for the DACH1 repression of TGF-h induction of Smad signaling, and the TGF-h induction of Smad signaling was repressed (19, 20) . CITED1 interacts with both the DNA-binding Smad proteins and the p300/CBP coactivators through its NH 2 -and COOH-terminal regions, respectively, while also enhancing the functional link between Smads and p300/CBP (21) . Two transcription products, COL1A2 and CDKN2B were highly expressed in type A tumors. COL1A2 encodes one of the chains for type I collagen, the fibrillar collagen found in most connective tissues. Smad3 and Smad4, the transcription factors of TGF-h signaling, bind to the promoter lesion of COL1A2 and activated the stimulation of COL1A2 (22) . CDKN2B encodes a cyclin-dependent kinase inhibitor, which forms a complex with CDK4 or CDK6, and prevents the activation of the CDK kinases; therefore, the encoded protein functions as a cell growth regulator that controls cell cycle G 1 progression. PCNA is a protein known to progressively accumulate from stage G 1 to M of the cell cycle and disappear at the end of mitosis; it has been postulated to be a cell cycle regulator protein and shows deregulated expression in some neoplasms (23, 24) . We speculate that the up-regulation of CDKN2B in type A tumors causes the lowlevel expression of PCNA. There are several reports that directly or indirectly support this view of the relation between proliferation and cancer dedifferentiation in colorectal cancer (25 -27) . Palmqvist et al. showed the significant association between low tumor cell proliferation at the invasive margin and poor prognosis (27) . Taniyama et al. reported that low tumor cell proliferative activity is correlated with areas of low differentiation and that decreased proliferation in diploid tumors is correlated with increased numbers of lymph node metastases (26, 27) . The gene expression profile is consistent with these previous reports and suggest that type A tumors had a lower proliferation than type B tumors at the cancer superficial lesion before differentiation of the cancer cells were lost. We selected 3 genes associated with the WNT signal pathway (Fig. 3B) . SFRP4 is a member of the SFRP family that contains a cysteine-rich domain homologous to the putative Wnt-binding site of Frizzled proteins. SFRPs act as soluble modulators of Wnt signaling (28) . NKD1 is a Dishevelled-binding protein that functions as a negative regulator of the Wnt-h-cateninTcf signaling pathway (29) . VIM, transcription product of Wnt-h-catenin-Tcf signaling pathway, was up-regulated in type A tumors in comparison with type B tumors (30) . In type A tumors, COL1A2, which is an extracellular matrix component produced through the TGF-h pathway, was highly expressed in comparison with type B tumors. High levels of type 1 collagen in metastatic tumor have also been reported (9, 31). Blabletz et al. reported that collagen type 1 is highly expressed at the invasion front of colorectal cancer (32) . Collagen type 1 induces invasive phenotypes and changes in the expression pattern of h-catenin and E-cadherin in vitro. This expression pattern indicates the nuclear accumulation of h-catenin, thus leading to the TCF/LEF-1 transcription activity in the dedifferentiated cancer cell at the invasion front (6, 32) . Expression levels of VIM, transcription product of Wnt signal pathway, seem to be higher in type A tumors in comparison with type B tumors, although the coefficient of correlation between the array data and RT-PCR data of VIM was not so high. VIM is type h intermediate filament normally expressed in cells of mesenchymal origin. VIM has indeed been described in migratory epithelial cells involved in tumor invasion (33, 34) . The de novo expression of VIM is also frequently associated with an epithelial-mesenchymal transition and the metastatic conversion of epithelial cells (35) . The gene expression profile in this study is consistent with these findings, thus suggesting that type A tumors had a low proliferation but later acquired a high invasive activity; as a result, the cancer cells became dissociated, migrated, and then disseminated into the stroma at the cancer invasion front.
Two Gli genes, GLI1 and GLI2, were up-regulated in type A tumors in comparison with type B tumors. These genes are transcription factor of Hedgehog signal pathway. However, activation of the Hedgehog signal pathway in colorectal cancer is controversial (36, 37) .
These networks may help us to obtain a better understanding of the key biological functions that cause dedifferentiation at the cancer invasion front. However, the functional validation of such chosen candidate genes still remains insufficient. Additional experiments are therefore necessary to validate the functional networks that we constructed.
Recently, several text mining tools have been proposed for systemic functional analysis of gene expression signatures. These systems provided us with enormous functional information but were not perfect because they sometimes contained unreliable information and sometimes missed important information. We therefore combined the data by several text mining tools and the information obtained manually by scientific reports from Entrez PubMed, Entrez Genes, Online Mendelian Inheritance in Man, and Kyoto Encyclopedia of Genes and Genomes. Because it seems that the information selected by the text mining method in this study is merely part of the functional mechanisms, more effective methods for selecting functional information from the microarray data should thus be developed and a further research and information should thus be accumulated.
To understand complex biological processes, such as cancer initiation and progression, it is important to consider differential gene expression in the context of complex molecular networks. This is the first report to construct functional networks from a transcriptome analysis associated with dedifferentiation at the cancer invasion front of colorectal cancer. Eight genes from three networks divided two sample groups of types A and B in a hierarchical cluster analysis. This may indicate that three networks, and not a single network, caused dedifferentiation with complex signal cross-talk. For example, collagen type 1, a transcriptional product of the TGF-h signal, caused nuclear accumulation of h-catenin (32). This is only part of the information. Further studies are necessary to more fully elucidate understand the signal cross-talk mechanism.
The aim of this study was to identify the functional mechanism involved in the dedifferentiation at the invasion front of colorectal cancer. The final goal is the understanding of the molecular mechanism of dedifferentiation at the invasion front of colorectal cancer and predicting the dedifferentiation based on the knowledge of the molecular mechanism. Moreover, we indicated the possibility that the genes selected in this study might be clinical markers to predict the patient prognosis and metastasis in colorectal cancer. Further study using a large number of patients is necessary before any definitive conclusions can be made; however, the findings of this study are considered to positively contribute to the elucidation of molecular mechanism of dedifferentiation at the invasion front of colorectal cancer and the establishment of new clinical markers.
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